Transplantation of cells and tissues to the mammalian brain and CNS has revived the interest in the immunological status of brain and its response to grafted tissue. The previously held view that the brain was an absolute "immunologically privileged site" allowing indefinite survival without rejection of grafts of cells has proven to be wrong. Thus, the brain should be regarded as a site where immune responses can occur, albeit in a modified form, and under certain circumstances these are as vigorous as those seen in other peripheral sites. Clinical cell transplant trials have now been performed in Parkinson's disease, Huntington's disease, demyelinating diseases, retinal disorders, stroke, epilepsy, and even deafness, and normally are designed as cell replacement strategies, although implantation of genetically modified cells for supplementation of growth factors has also been tried. In addition, some disorders of the CNS for which cell therapies are being considered have an immunological basis, such as multiple sclerosis, which further complicates the situation. Embryonic neural tissue allografted into the CNS of animals and patients with neurodegenerative conditions survives, makes and receives synapses, and ameliorates behavioral deficits. The use of aborted human tissue is logistically and ethically complicated, which has lead to the search for alternative sources of cells, including xenogeneic tissue, genetically modified cells, and stem cells, all of which can and will induce some level of immune reaction. We review some of the immunological factors involved in transplantation of cells to CNS.
THE BRAIN AS A TRANSPLANTATION SITE
In 1953, the term "immunologically privileged site" was coined, denoting a prolonged graft survival in comparison with another, nonprivileged site 1 and the brain was recognized as being one such privileged site among others. 2 The mechanisms underlying this privilege are several fold and results from the blood-brain barrier (BBB), the absence of professional antigen-presenting cells (APCs) and the sparse lymphatic drainage from the CNS. These factors were then thought to be important in producing a variety of possible immunological phenomena such as "ignorance" (i.e., absence of activation of the immune system because it is unaware of any foreign tissue being introduced); "deviance" (the immune responses are deflected from the target); or "acceptance," "partial tolerance" or "in situ tolerance," all of which refer to the incomplete capacity of the immune system to reject tissue based on local factors that affect the immune response. 3 However, it is now clear that the CNS does not display absolute immunological privilege as activated lymphocytes can cross the BBB, certain cells such as microglia may have an APC capacity and there is lymphatic drainage from the CNS into the deep cervical lymph nodes. In addition, in the context of neural grafting, there will be inevitable damage to the BBB. The privileged status of the brain is now regarded as the result of a balance of regulated events that produces either immune privilege or effective responses. 4, 5 In terms of neural grafting, there are several factors that contribute to the timing and intensity of the rejection response and this includes the type of graft transplanted, the degree of immunological disparity between donor and recipient, and how and where the tissue is implanted.
Immunological disparity reflects the differences between host and donor expression of immunogenic epitopes, 6 and can be major or minor in their contribution to the immune rejection responses. Minor transplantation antigens are endogenous polymorphic peptides (sometimes tissue-specific), which are processed and presented within the variable portions of major histocompatibility complex (MHC) I or II molecules. Lipids and carbohydrates are presented, but in this case, with the invariant CD1 molecule. 7 Major antigens, e.g., the MHC I and II, the ABO system or galactose ␣ 1,3 galactose in porcine tissue, can be associated with the presence of naturally occurring antibodies, which will produce a very strong humoral rejection response with complement activation. Thus, the rejection process has both a cellular and humoral component, although the contribution of each is directly related to the phylogenetic distance between donor and host. 8, 9 When cells, tissue, or organs are grafted between relatively closely related species, concordant xenografts, the immune reactions are dominated by cellular reactions against xenogeneic MHC/xenogeneic peptides, and resemble allograft responses. The key cellular mediators of graft rejection being the T lymphocytes (CD4 ϩ and CD8 ϩ ) and microglial cells. 10 In more distantly related species, discordant xenografts, the immune responses typically involve the innate responses such as the complement system, natural killer (NK) and NKT cells, natural antibodies, and the coagulation cascade systems. 11 So, for example, with a vascularized whole organ xenograft, there is an antibody and complement-dependent hyper-acute rejection. The reason for this being that humans and nonhuman primates have a deletional mutation for the ␣-1,3 galactosyl transferase (␣-1,3-Gal) enzyme, and so do not express the Gal-␣-1,3-Gal polysaccharide epitopes on lipids and proteins. This epitope is, however, expressed on bacteria in the normal gut flora, and thus all humans have high titers of anti-Gal "natural antibodies," 12 which will be activated once xenogeneic tissue expressing this epitope is placed in the human host.
Thus, the immune response to grafted tissue is complex, but is dependent on a number of variables, which include the phylogenic relationship of donor tissue to host and its composition and mode of implantation.
THE ROLE OF TISSUE PREPARATION, SITE, AND MODE OF IMPLANTATION IN GRAFT REJECTION
In addition to the immunological differences, the type of graft being used is important, as well as how the cells, tissue, or organs are being implanted. Cellular grafts (as oppose to tissue pieces) to the brain are secondarily vascularized, either with host endothelial cells growing into the graft, or with intact microvessels forming connections with the host vasculature. Suspension neural grafts are revascularized mainly by host vessels and after implantation into the parenchyma, and a blood-brain barrier for macromolecules is reformed within ϳ1 week. 13, 14 In contrast, a non-neural tissue graft, such as skin, does not form a blood-brain barrier. 15 Grafts of solid pieces of tissue with intact microvessels forming connections with the host vasculature fare worse than suspension grafts.
In addition to the actual type of transplant being grafted, the site within the brain matters, with very poor graft survival of incompatible tissue in areas close to the ventricular system (e.g., hippocampus) whereas in the parenchyma (e.g., putamen) graft survival is more readily obtained.
ANTIGEN-PRESENTING CELLS OF THE CNS:
WHAT AND WHERE ARE THEY?
The view as to which cells within the brain are responsible for the antigen presentation (APC) from the brain has been revised. The previously held notion that the brain lacked not only lymphatic vessels but also efficient antigen-presenting cells, such as the dendritic cells (DCs) 16, 17 has been replaced by a view of a dynamic interplay between cells within the brain parenchyma.
There are two populations of bone marrow-derived microglia cells: one resting, permanent type scattered throughout the parenchyma, which enters the brain during the fetal period, 18 and another that is periodically exchanged in the perivascular spaces. 19, 20 The resident microglia cells are considered to be relatively immature, although they can mature into macrophages and DCs, the most efficient of all antigen-presenting cell types. 21, 22 So, for example, in isolated slice cultures, devoid of any systemic circulation, parenchymal microglia can migrate to the vascular space and form round, macrophage-like cells in response to injury. 23 The perivascular spaces are probably more important for presentation of intracerebral antigens in humans and so the perivascular microglia cells (pericyte), which are specialized bone marrow-derived cells that have APC function 5 are probably critically important in graft rejection within the CNS. These perivascular spaces can be organized into lymphoid tissue as may be seen in chronic immune-mediated disorders such as multiple sclerosis. 24 Furthermore, local paracrine effects of certain cytokines and growth factors, such as astrocyte-derived granulocytemacrophage colony stimulating factor and macrophage colony stimulating factor, may also contribute to the maturation of immature microglia cells into DCs and fully effective APCs. 25 The strongest stimulus for an allogeneic transplantation response is donor-derived APCs. The number of these donor-derived APCs and their drainage route determines mainly how efficient the recipient is immunized against the graft tissue. Allogeneic APCs can directly activate host lymphocytes, so-called direct presentation process. Alternatively, host (as opposed to donor) APCs can also take up donor antigens, either in the form of intact MHC molecules or allogeneic or xenogeneic fragments of proteins, and present these in the context of host MHC, as an indirect presentation process. 26 As to which of these routes of antigen presentation is dominant in neural grafts is not known, although the evidence to date would support the indirect over the direct route.
ACTIVATION OF THE IMMUNE SYSTEM:
WHAT IS NEEDED?
In the lymphoid tissue, the conditions for activation of specific lymphocytes are optimized. When the T-cell receptor binds with a MHC/antigenic peptide complex, in conjunction with a re-enforcing signal from the CD4 CD8 molecules, and additional costimulatory ligands form complexes, such as B7-CTLA4, CD40-CD40L, LFA3-CD2, ICAM-1-LFA1, B7-CD28, activation of the T-cell takes place. If this sequence is not fulfilled, and no costimulatory activation signal is provided, this can lead to anergy of the T cells. 27 This anergy can be regarded as a partial tolerance. Alternatively, to block costimulation may lead to the formation of regulatory T cells that modify the host responses, 28 which will remove or dramatically reduce the host response to the tissue expressing that antigen.
In general immunosuppressive drugs used in transplantation interfere with the activation of T cells and to some extent the proliferation of T and B cells, whereas most immunomodulatory interventions interfere with the costimulatory functions.
BARRIER SYSTEMS WITHIN THE CNS TO IMMUNE RESPONSES
The brain is ensheathed by a series of barriers, effectively isolating brain metabolism and electric activity. The meningeal-brain barrier complex, the brain-choroidal plexus, the pial vessel-extracellular space, and the capillary blood-brain barrier are each components of this insulation of the brain.
The capillary barrier consists of high-resistance tight junctions between the endothelial cells, which means that cells normally have a very restricted passage. In addition, this barrier has a low pinocytotic capacity, a high electrostatic potential difference across the lumen excluding charged substances, along with several enzymes degrading a vast number of substances rather than allowing passage, and a low response to substances that normally increase the passage of fluid across the endothelium, such as histamine and bradykinin. There are also three complexes of active transporters such as multidrug resistance protein, breast cancer resistance protein, and P-glycoproteins, 29 which actively exclude substances and drugs. Furthermore, immunoglobulins, complement factors, and other plasma factors are usually present in the brain parenchyma at concentrations that are one twohundredth or less than that found in plasma.
In response to a transplant, lymphocytes are activated, proliferate, and then enter the blood circulation. These cells then "home" to the graft, directed by cues present
on the endothelium of the vessels in and around the graft. The brain endothelium is no exception, and can express a number of these homing signals, under the control of transcription factors that respond to inflammatory stimulus. Proinflammatory cytokines such as tumor necrosis factor-␣, ␥-interferon, interleukin-1 (IL-1), and nitric oxide induce expression of intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1, the latter being crucial for the entry of cells to the CNS. 30, 31 Once across the BBB, further migration may be mediated by chemokines such as IL-8, inducible protein-10, RANTES, macrophage inflammatory protein-1, and monocyte chemoattractant protein-1. 31 In addition, activated lymphocytes can also express surface membrane-bound enzymes capable of degrading the endothelial glycocalyx facilitating the passage of such cells.
LOCAL IMMUNOSUPPRESSIVE FACTORS WITHIN THE CNS
It has been suggested that the brain and related tissue, such as the eye, contain locally immunosuppressive factors 2, 32 and this includes TGF-␤ and related cytokines which as a family act locally as anti-inflammatory, antimitotic, downregulatory cytokines, with TGF-␤ itself being the endogenous ligand for the immunophilins. 33 In addition, the internal milieu of the brain has been suggested to favor tolerance development or anergia, although the conditions may change after local trauma and inflammation. 3 Factors that have been implicated in this latter process are inducible FAS/FAS-L expression in the brain after trauma, 34 leading to the induction of cell death of invading lymphocytes. Other factors produced locally or by invading subsets of lymphocytes may also contribute to the formation of regulatory cells, although the identity of these factors is currently not known.
IMMUNOSUPPRESSIVE DRUGS AND THEIR ROLE IN NEURAL GRAFTING
There are numerous immunosuppressive drugs and protocols designed for particular whole organ allografting paradigms, such as renal and lung transplants. The most effective protocols with the least side effects are constantly being evaluated, and at the present time there is no consensus as to the optimal immunosuppressive regime (if any) for neural transplantation.
When immunosuppression has been used, the motives have been to ensure the best survival chances of the grafted, often compromised neurons, without the additional burden of an immune reaction. Even if the brain has a degree of immunological privilege, the use of immunosuppression will aid in the survival by safe-guarding against any activation of the immune system that may occur, and also ensures that when the inflammatory reactions have subsided, the graft is no longer able to activate the immune system.
The most extensive immunosuppressive protocol employed in clinical trials to date has been that used in patients in the Swedish Parkinson's disease neural transplant program. These patients have all received triple drug therapy involving cyclosporin A (starting at a dose of 3-5 mg/kg 2 days before implantation, aiming for a serum concentration of 200 -250 ng/ml at time of surgery, and a maintenance level of ϳ100 -150 ng/ml), 2 mg/kg azathioprine, and an intravenous dose of 500 mg methylprednisolone at the time of implantation, followed by oral 100 mg of prednisolone, reduced to a maintenance dose of 10 mg per day after 2-3 months. The treatment is then maintained for the entire period between grafting sessions (i.e., time to graft both sides of brain) and for 12 months after the final implantation, with a slow tapering over several months after that. 35 Using this regime, no overt rejection episodes have been observed, nor any deterioration after cessation of the treatment. There has been only one serious, but well recognized, side effect linked to the treatment, a skin cancer that was readily contained and excised surgically. 35 These three drugs have proved not to be detrimental to the development of the embryonic primary cells 36 and indeed at higher concentrations than can be achieved in vivo. Indeed, immunophilins, cyclosporin A, and tacrolimus (FK506) have all been shown to actually protect embryonic neural tissue against the metabolic insult during the preparation phase. Furthermore, the recent evidence that PD may have an inflammatory component to its pathogenesis, 37 further suggests that the use of these drugs is to be recommended in the context of neural grafts. Additional drugs, which are routinely used clinically in peripheral organ allograft programs, include mycophenylate mophetil (which targets lymphocytes, especially B cells) and sirolimus, with a unique and different mode of action to that of tacrolimus and cyclosporin A. However, neither of these agents have been used in neural grafting. Immunomodulators, such as anti-IL-2 and anti-IL-2 receptors (anti CD25) are also in routine use as induction therapy with peripherally placed transplants and a large number of other immunomodulators aimed at blocking costimulation used alone or in combination have been considered but so far their clinical use has been limited.
In neural transplantation, immunomodulators have been used experimentally, in particular with xenografts. Antibodies against T-cell receptor anti-TCR␣␤ and T cells have been used to enhance the survival of intracerebral neural xenografts in rats. 38, 39 Larsson and colleagues 40, 41 have also explored the use of blockers to T-cell costimulatory molecules as an alternative route to tolerance, therefore highlighting the value of targeting this arm of the immune response for xenograft survival.
However, the future use of such immunomodulators for clinical purposes needs to be systematically addressed.
THE ROLE OF IMMUNOSUPPRESSION AND NEURAL ALLOGRAFTS: THE EXPERIMENTAL DATA
In animal experiments, rejection of allografts may be observed, but also prolonged graft survival is possible in spite of complete MHC incompatibility. 8, 42 Favorable graft survival occurs in particular if suspension grafts are implanted stereotaxically with an atraumatic technique into the parenchyma away from the ventricular system. Despite long-term graft survival without any immunosuppression, there is evidence for host immunization. 43 When repeated intracerebral allografts are made with a long interval separating them, the first established graft is not affected by the latter graft, nor is the second graft necessarily rejected, but there is evidence for increase host responses around the grafts. 44 This indicates that the immunization is relatively weak but exists, and that the effector systems are regulated. In strongly preimmunized animals, the subsequent brain tissue grafts are promptly rejected. If an established graft is challenged with a strong stimulus (skin graft) late after the first implantation, it may not be rejected, although a slow, chronic rejection may be observed. However, if this skin graft challenge occurs early after the first graft, prompt rejection is the rule. 45 Of interest, transplantation to a site where microglia and astrocytes have been already been activated (e.g., by a toxin to produce an inflammation) resulted in better allograft survival. This is probably a result of the production of growth factors in the area. 46 If rejection does occur in the brain, there may be "innocent bystander" damage, which has been experimentally tested in one study with mixed allogeneic and xenogeneic grafts. In the group with rejection of the xenograft, there was a reduced syngeneic or allogeneic graft survival, compared with immunosuppressed controls without any signs of xenograft rejections. 47 There are few studies on the effects and need for immunosuppression in allogeneic neural grafts. Wood et al. 48 used anti-CD25 antisera with increased survival of grafted tissue in the ventricular system, and azathioprine, prednisolone, and cyclosporin A have all proved to be nontoxic to embryonic neural tissue.
CLINICAL ALLOGENEIC NEURAL TISSUE TRANSPLANTATION AND IMMUNOSUPPRESSION
Grafting of allogeneic embryonic neural tissue into the CNS of animals has now reached the level of clinical trials with Parkinson's disease (PD) and recently also Huntington's disease (HD). 49, 50 Embryonic allogeneic neural tissue grafts have been performed in more than 350 patients with PD and this procedure has been shown to be effective in ameliorating many of the symptoms in PD. In the best cases, patients have been able to return to full-time employment, and they have been able to withdraw all anti-parkinsonism and immunosuppressive drug treatment. There is now proof-of-principle regarding the possibilities to repair the brain with embryonic primary neural tissue with restoration of neuronal circuitries. [51] [52] [53] [54] However, the technique is far from being standardized and several studies have failed to reach the same results.
Multiple donors are needed to achieve sufficient graft effects. This has been directly tested in the Tampa study, 53 where better effects were generally obtained with multiple donors. The implication from the immunological point of view is that there is a greater likelihood that antigens are reintroduced if sequential grafts with multiple donors are performed, with a greater demand for immunosuppression, although embryonic brain tissue expresses few such antigens.
The embryonic donor tissue can be stored using special hibernation media for up to 10 days, with cryopreservation proving less successful. 55, 56 The effects of hibernation on the antigenicity of the tissue is not known, although short-term culture may reduce the number of donor APCs, but at the cost of a lower survival rate of the dopaminergic neurons. This may have been observed in the Freed study, 54 in which tissue was cultured before implantation for up to 4 weeks. There was poorer survival than expected with other preparation methods, although in this study none of the patients were immunosuppressed, which may be relevant. 52, 57, 58 The majority of patients entered into clinical neural allograft trials have been on immunosuppressive treatment for ϳ18 months with some continuing on therapy for up to 5 years. In all cases, withdrawal has not resulted in any rejection episodes. However, T cells have been observed in the site of the graft after cessation of cyclosporin A in a case that came to autopsy 12 months after immunosuppression was stopped, and 18 months after grafting, although the graft had survived well with marked clinical benefit to the patient. 58, 59 This indicates that chronic rejection events may take place, or that regulatory mechanisms within the brain may also be operative. These chronic inflammatory reactions may theoretically play a role in the recently reported development of abnormal movements (dystonia and dyskinesias) seen in the double-blind U.S. transplant trials. 53, 54 It is possible to speculate that a chronic immune response, or activated microglia cells, produce factors, cytokines, and growth factors that affect the function and graft structure. Experimental studies are underway to address this in animal models.
Positron emission tomography (PET) can directly visualize the presynaptic dopamine transporters and the dopa-decarboxylase capacity, as an objective measurement of dopamine production, and this seems to correlate directly with clinical effects. Tracers specific for inflammatory responses, particularly microglia, PK11195 can be used to detect activated microglia around the grafts, but has so far not been used for a systematic study. Occasional patients in Swedish/UK studies have been scanned before and after withdrawal of the immunosuppression without signs of increased activity afterward (our unpublished data).
XENOGENEIC NEURAL GRAFTS
There are major obvious practical and ethical problems with the use of aborted human tissue in clinical programs of transplantation that prevent its widespread adoption. 9, 60 This has led to the search for alternative sources of cells, including other species, such as the pig. 10 There are ϳ200,000 dopaminergic neuroblasts in the pig, and the optimal age for harvesting these cells appears to be embryonic day 26-27. If cells are taken at this age and xenografted into the adult CNS, they are rejected. The immune responses induced against this discordant embryonic porcine tissue has been addressed in mice and rats, and the critical factors for graft rejection have been determined. 10 It is clear from studies in rats that xenogeneic grafts are rapidly rejected over a period of days to weeks through a combination of cellular and humoral immune processes. It is also clear that antibodies and components of the complement cascade probably also play a role. 61, 62 However, in nude athymic rats, neural xenografts survive indefinitely. 63 Furthermore, in vitro studies 64 have demonstrated that human T-cell (CD4 ϩ and CD8 ϩ ) proliferation is induced by porcine embryonic tissue and that pretreatment of the porcine tissue with human serum reduced the proliferative response of human T cells. This suggests that such an approach might be useful clinically to improve graft survival, possibly by removing the more immunogenic cells. Conventional immunosuppressive drugs used as monotherapy (e.g., cyclosporin A or tacrolimus) do not protect grafts effectively, [65] [66] [67] but this can be improved if combined with other drugs such as prednisolone. 65 Short courses of treatment with molecules that block T-cell costimulation [CD40L, LFA1, and CTLA4Ig (40, 41) ] have resulted in very good graft survival in mice, although long-term studies are needed to determine whether this therapy could be used clinically. 41 The role for humoral factors in xenograft rejection has been addressed using a number of different approaches.
In immunoglobulin-deficient recipient mice, 62 embryonic porcine ventral mesencephalic (VM) cells survived better than in control mice, demonstrating that antibodydirected complement-mediated rejection of xenografts was important. Furthermore, porcine xenografts undergoing rejection are infiltrated with CD8 ϩ cells and stain positive for IgM and complement component (C3) deposition, 61 and transient depletion of complement (using cobra venom factor) can prolong graft survival, although it does not prevent rejection.
Humans have preformed, natural anti-pig antibodies that target the ␣-1,3-Gal epitope and so human sera has a cytotoxic effect on porcine embryonic VM cells in the presence of complement. In addition to the known antigens, there are three non-␣-1,3-Gal epitopes on embryonic porcine dopaminergic cells reactive with IgM present in the human serum. 68 Transgenic porcine VM tissue, expressing either the human complement inhibitor CD59 or human ␣-1,2-fucosyltransferase in combination with a recipient treatment with anti-C5 antibodies (H transferase), survives up to 12 weeks in parkinsonian primates. 69 However, the level of expression of these human complement regulatory proteins is generally low in transgenic embryonic pig brain. 70 An alternative mode of interfering with the rejection process provoked by porcine neural tissue is to block MHC class I molecules in the donor tissue by immunomasking with F(ab) 2 antibody fragments, although the level of expression of this epitope is very low in embryonic porcine neural tissue. Fetal neural porcine tissue, pretreated with the F(ab) 2 antibody fragments against porcine MHC I (SLA I) before implantation to the striatum, enhanced graft survival compared with the untreated group.
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CLINICAL TRIALS USING EMBRYONIC PORCINE TISSUE
The first clinical trial with pig tissue was conducted in the U.S. as a phase I study, comparing two regiments of immunosuppression, 5 mg/kg cyclosporin A as monotherapy versus immunomasking of anti-SLA I antigens. Six patients each were grafted and followed for 12 months. There was no improvement in the group data, but two patients are reported to have 15% improvement in clinical rating scales. 71 One case came to autopsy 7 months after grafting and histologically pig tissue was detected, but only 638 dopaminergic cells were seen, far short of the 80,000-100,000 cells needed for clinical effects. 72 Despite the use of immunosuppression with cyclosporin A, lymphocyte infiltration was also seen in the graft region. This extremely low survival rate correlates with a low 18 F-dopa PET signal. Nevertheless, a second multicenter phase II study has been performed in the U.S., with sham-operated control patients. Ten patients were grafted, and eight were randomized as controls and underwent sham surgery and sham immunosuppression. PET images may have indicated hot spots in certain areas, and clinical evaluations at 18-month follow-up showed that both groups had a similar modest (20-25% on Unified Parkinson's Disease Rating Scale) improvement, except for a reduction time spent with dyskinesias. The reason for this improvement in all patients (control and grafted) is not known.
In addition, 12 patients with HD have been grafted with embryonic neural pig tissue. 73 The functional effects have been negative.
However, all of these clinical trials must be seen to be premature given the current experimental data that exists in the laboratory using porcine xenografts.
XENOGRAFT AND ZOONOSES
Animal endogenous retroviruses [e.g., porcine endogenous retrovirus (PERV)] are proviral DNA sequences integrated into the host genome, with pig chromosomes harboring at least 50 copies of PERV. 74 There has been no report of any human becoming infected with PERV after exposure to porcine tissue. A retrospective study of 160 patients treated with living pig tissue up to 12 years previously concluded there was no evidence for persistent PERV infection in any of the patients. 75 In the human neural xenograft recipients there have been no complications in terms of host infections, nor any demonstration of anti-PERV antibodies, and negative PCRs for PERV. 76 Thus, it would appear that although there are theoretical risks of PERV infection in patients grafted with porcine neural tissue, this is yet to be seen as a major issue in any studies using this tissue.
GENETICALLY MODIFIED TISSUE
Non-neuronal cells cannot be used for a repair strategy that requires reformation of neuronal circuitries and a controlled synaptic release of transmitter; however, attempts to replace neurotransmitters with transfected cells functioning as "minipumps" have been considered, but tend to resulting in incomplete behavioral recovery. 77, 78 In neurodegenerative disorders, a lack of adequate growth supporting substances has been suggested to contribute to the degenerative process and therapeutic approaches to supplement these essential growth factors have been suggested in a number of conditions, provided the correct growth/trophic factor can be identified.
The delivery of these substances by the implantation of a genetically modified cell or via direct gene transfer is thus a more appropriate approach.
However, there are several examples in which the use of such grafts results in rejection even when the cells have been syngeneic or allogenic. Thus, transfection itself seems to alter the immunogenicity of the tissue such that rejection occurs and so there is a need for continuous immunosuppression. 79 -81 Indeed, even if transcriptiondefective virus vectors have been used, it is clear that intracellular antigens find their way to the surface with MHC, or antigen can be picked up by host APCs and an effective immune response can be mounted.
Encapsulation of transfected xenogeneic cell lines has also been suggested as a way to avoid immune responses, although there are several examples of a noncellular response against such encapsulated cells resulting in graft destruction.
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STEM CELLS
Stem cells involve a novel, largely unknown biological principle of controlled in vitro differentiation to replace lost cells. There are several different types of cells of various origin and developmental phases, as reviewed in Temple. 83 The most immature and potentially most useful are embryonic stem (ES) cells, although there are natural anxieties that these cells will result in teratomas or other uncontrolled cell growth. There are also hopes that therapeutic cloning of ES cells with the recipient nucleus will result in a cell type that is more or less devoid of immunogenicity. 84 In a concordant xenograft experiment, a number of intrastriatal, low-density, transplants of mouse ES cells developed some dopamine neurons, although rejection was also seen, despite ongoing chronic immunosuppression; in addition, 22% of the rat recipients developed fatal intracerebral teratomas.
In contrast to ES cells, a recent in vivo study by Armstrong et al. 86 provided evidence that xenografted embryonic porcine expanded neural precursor cells (ENPs) may be an even more flexible source of cells for use in neural transplant therapies in which circuit reconstruction is required. Taking advantage of both the enhanced axonal outgrowth, thought to be characteristic of xenografted neural tissue, and the plastic nature of multipotential neural stem cells, this study examined the ability of porcine ENPs to differentiate into projection neurons and thereby reconstruct degenerate neural circuitry in the cyclosporin A-immunosuppressed 6-OHDA-lesioned rat model of PD. As an alternative to embryonic neural stem cells or ES cells, the use of adult progenitors, taken from the patients themselves, may be a more useful approach at least from an immunological perspective. Such an approach does presuppose that the progenitors are not affected by a disease process itself. At the present time, this approach still remains in its infancy.
Migration is a well documented characteristic of ENPs 87,88 but has not been as extensively studied in primary neural graft-derived cells. Most studies examining cell migration from primary neural grafts have been in neonatal hosts. 89 An inability to respond to speciesspecific inhibitory cues may allow greater migration of xenografted cells than equivalent allografted cells, and therefore enhance integration of grafted neurons with host circuitry and enable migration of cells to sites of pathology well outside the graft mass itself. If this proved to be the case, then there may be a primary advantage in using xenogenic tissue.
Another factor or concern when it comes to stem cells is the effect of the local inflammatory response on their development as well as the effects of immunosuppressive drugs. This is exemplified by the temperature-sensitive cell line RN33B, which, when grafted into the subretinal space of rats, develops in part into retinal neurons. Immunosuppression with cyclosporin A is needed in spite of the cell being allogeneic, because when grafted without treatment, non-neuronal development occurred. Furthermore, when the rats were grafted using the same process but the hosts were immunosuppressed with tacrolimus, massive gliosis developed with no retinal cells. 90, 91 Overall, the immunology of grafted stem cells has not been extensively studied in depth, 92 but is of importance. When grafting tissue of different immunological disparity, there is local cytokine production that may affect the stability and development of stem cells. 93 It is predicted that rejection will occur with many different types of stem cells, especially ES and non-neural stem cells. It is therefore important to investigate this aspect of stem cell behavior.
CONCLUSION
Immune responses in the brain are complex, but cannot be ignored when it comes to repair strategies involving cellular transplants. The immune responses are regulated and depend on several factors that we have discussed in this chapter. Rejecting neural grafts produce and elicit cytokine responses that may contribute to functional effects observed in patients, and it is possible that subacute rejection may produce some of the abnormal movements seen after grafting in some patients with PD.
Despite the issues of immune-mediated rejection and the theoretical risk of infection with porcine endogenous retroviruses, xenogeneic neural tissues are an attractive source of material for use in brain repair surgery. Development of transgenic pigs to reduce antigenicity while limiting the risk of infection with PERVs may allow the exploitation of the unique properties of a xenografting situation discussed above to more completely reverse CNS circuit degeneration.
The immunology of grafted stem cells has not been extensively studied, but is of importance. Indeed, until we have a better understanding of the immune mechanisms mediating neural graft rejection, the use of all cell therapies for neurological disorders will be fraught with difficulties.
